The performance of skeletal muscles depends on their ability to initiate and propagate action potentials along their outer membranes in response to motor signals from the central nervous system. This excitability of muscle fibres is related to the function of Na + and K + and Cl -channels and to steep chemical gradients for the ions across the cell membranes, i.e., the sarcolemma and T-tubular membranes. At rest, the chemical gradients for Na + and K + are maintained within close limits by the action of the Na + -K + pump. During contractile activity, however, the muscles lose K + , which causes an increase in the concentration of K + in the extracellular compartments of the body, the magnitude of which depends on the intensity of the exercise and the size of the muscle groups involved. Since the ensuing reduction in the chemical K + gradient can have adverse effects on muscle excitability, it has repeatedly been suggested that, during intense exercise, the loss of K + from muscle fibres can contribute to the complex set of mechanisms that leads to the development of muscle fatigue. In this review, aspects of the regulation of Na + -K + homeostasis and excitability in contracting muscles is discussed within this context, together with the implications for the contractile function of skeletal muscles.
Introduction
The contraction of skeletal muscles requires an excitatory input from motor nerves, and their performance depends completely on the ability of the muscle fibres to transmit excitatory input to the contractile proteins. When action potentials travelling in motor nerves reach the motor nerve terminals, it causes the release of acetylcholine. The binding of acetylcholine to cation channels on the sarcolemmal side of the neuromuscular junction then produces a local depolarization that initiates an action potential in the junctional region of the muscle fibre by activating voltage-gated Na + channels. For the action potential to trigger contraction, it has to subsequently spread along the sarcolemma and into the T-tubular system where the electrical signal is conveyed to the sarcoplasmic reticulum via voltage sensor molecules. This causes the release of Ca 2+ to the cytosol where the ion binds to the troponin-tropomyosin complex, allowing the contractile proteins to interact and contraction to take place.
Theoretically, work-induced muscular fatigue may develop as a result of failure in any of the above-mentioned steps involved in muscle contraction. With respect to excitability (i.e., the ability of muscles to initiate and propagate action potentials), studies on isolated muscles have clearly shown that loss of fibre excitability can be an important contributor to the development of fatigue during contractile activity that involves a high frequency of action potentials (Clausen et al. 2004 ). The ability of muscle fibres to initiate and propagate action potentials is related to the function of voltage-gated Na + and K + channels. During the initial phase of the action potential, the voltage-gated Na + channels carries an inward, excitatory Na + current that depolarizes the membrane, whereas the voltage-gated K + channels carry the outward K + current, which, during the later phase of the action potential, repolarizes the membrane. Apart from these channels, which ultimately set the excitability of the muscle fibres, excitability is modulated by rectifier potassium channels. In resting muscle, the currents carried by these channels stabilize the membrane potential around the equilibrium potential for K + and thereby put a break on muscle excitability. At variance with most other excitable tissues, this stabilizing effect of the rectifier potassium channels on the resting membrane potential is in skeletal muscle reinforced by abundant Cl-C1 channels, which allows Cl -to readily move across the membrane.
The movements of Na + and K + during the action potentials are enabled by steep electrochemical gradients for the 2 ions across the cell membranes, i.e., the sarcolemma and T-tubular membranes. At rest the chemical gradients for Na + and K + are maintained within narrow limits by active transport of Na + out of the fibres and of K + into the fibres via the Na + -K + pump During contractile activity, however, the passive movements of Na + and K + across the cell membranes greatly increase (Fenn 1940; Sréter 1963; Juel 1986; Everts and Clausen 1994; Clausen et al. 2004 ; for review, see Sejersted and Sjøgaard 2000; Clausen 2003 ). The result is an increase in the intracellular concentration of Na + in the active muscle fibres and an increase in the concentration of K + in the extracellular compartments of the body, the magnitude of which depends on the intensity of the exercise and the size of the muscle groups involved. Since the ensuing reduction in the chemical K + gradient can have adverse effects on muscle excitability, it has repeatedly been suggested that, during intense exercise, the loss of K + from working muscle fibres may contribute to the complex set of mechanisms that leads to the development of muscle fatigue (Bigland-Ritchie et al. 1979; Sjøgaard 1983; Juel 1988; Street et al. 2005 ; for review, see Sejersted and Sjøgaard 2000; Clausen 2003) . Central aspects of this hypothesis for a role for K + in muscle fatigue are illustrated in Fig. 1 . In this review, aspects of the regulation of the Na + -K + -homeostasis and excitability in contracting muscles is discussed within this context, together with the implications for the contractile function of skeletal muscles.
Regulation of Na + -K + homeostasis in contacting muscles
Elevation of K + in the extracellular compartments during exercise When K + is lost from working muscle fibres it first accumulates in the interstitium and the T-tubular lumen of the muscles. From there it may either be taken up by the muscle fibres or diffuse into capillaries. As a result of the diffusion of K + to the capillaries, the loss of K + from contracting muscles can, during dynamic exercise, easily be detected by measuring the concentration of K + in blood plasma. Thus, as shown in Fig. 2 , exercise causes a rapid increase in the concentration of plasma K + in the blood draining the active muscles. At low-to-moderate intensities of exercise, the level to which plasma K + increases is intensity dependent. During more intense exercise, however, plasma K + tends to keep increasing until exhaustion (Fig. 2) . Depending on exercise intensity and the magnitude of the muscle groups involved in the work, the loss of K + from the working muscles may also cause a substantial increase in the concentration of K + in arterial and mixed venous blood. In most studies employing intense exercise with large muscle groups, the concentrations of K + in arterial and mixed venous blood has been reported to reach between 6 and 8 mmol/L (Hermansen et al. 1984; Fosha-Dolezal and Fedde 1988; Medbø and Sejersted 1990; Paterson 1992 ; for review, see Sejersted and Sjøgaard 2000) . Schematic presentation of the sequence of events whereby loss of K + from working muscle fibres via an effect on muscle excitability may cause a reduction in muscle function and thereby, fatigue.
Fig. 2.
The concentration of plasma K + in femoral venous blood in human subjects measured with K + sensitive electrodes during a stepwise bicycle exercise protocol. Power was increased by 30-40 W every fourth minute. (From Hallen et al. 1994 ; reproduced with permission of the Journal of Physiology, Vol. 477, pp. 149-159. #Wiley-Blackwell Publishing Ltd., 1994.) As a result of the elevation in plasma K + during exercise, even muscles resting during exercise may be exposed to an extracellular K + concentration of up to 8 mmol/L K + . In the working muscles, however, the extracellular K + concentration may increase considerably more. Thus, measurements of the K + concentration using ion-sensitive electrodes have demonstrated that, during intense exercise, the K + concentration in the interstitium of contracting muscles may reach values between 7 and 15 mmol/L at fatigue (Gebert 1972; Hirche et al. 1980; Vyskocil et al. 1983; Juel 1986) . These values have since been confirmed in a series of experiments in which the interstitial K + concentration was measured using microdialysis probes (Juel et al. 2000; Street et al. 2005; Nordsborg et al. 2003; Mohr et al. 2004) . Importantly, data from these studies also indicate that, during exercise, the concentration of K + in the interstitium is higher than what can be observed in the venous blood draining the muscles.
In contrast to the circulation and the interstitium, it has so far not been possible to measure the concentration of K + in the T-tubular lumen of contracting muscles. The run-down of the chemical gradients for Na + and K + during exercise is, however, likely to be more pronounced in the T-tubules than in the interstitium for 2 reasons. First, the ratio of the area of the excitable membrane and the extracellular volume it faces is much larger for the T tubules than for the sarcolemma (Kirsch et al. 1977; Almers 1980) . Since the loss of fibre K + during action potentials depends on the membrane area, this would make the increase in the concentration of K + per action potential larger in the T tubules than in the interstitium (For review, see Clausen 2003) . Second, whereas the buildup of K + in the interstitium of active muscles is limited by the loss of interstitial K + to the blood stream, it has been argued that, because of diffusion limitations, the maintenance of Na + -K + homeostasis in the inner T-tubular compartment depends mainly on ion fluxes across the T-tubular membrane, with little contribution from diffusion between the T tubules and the interstitium (Wallinga et al. 1999) .
Following exercise, extracellular K + can be quickly recovered. Thus, after 1 min of exhaustive exercise in humans, leading to a rise in the plasma concentration of K + in arterial blood to >8 mmol/L, a normal plasma K + concentration of approximately 4 mmol/L was restored in less than 2 min (Medbø and Sejersted 1990) . The recovery of plasma K + after exercise is primarily caused by reuptake of K + into the muscle from which it was lost during the exercise, but K + uptake by other muscles may contribute to K + recovery. Likewise, inactive muscles may take up K + from the blood stream during exercise. As a result of this, exercise may cause a displacement of K + from active to inactive muscles, in which case the recovery of intracellular K + in the working muscles may take longer than the recovery of the extracellular concentration of K + .
Cellular regulation of Na + -K + homeostasis in contracting muscles
The acute maintenance of Na + -K + homeostasis at the cellular level depends on the balance between the passive movement of the 2 ions along their electrochemical gradients and the active counter transport of the ions via the Na + -K + pump. In resting muscle fibres, a low cytosolic concentration of Na + and a high cytosolic concentration of K + (approximately 15 and 165 mmol/L, respectively) are maintained in the face of the prevailing high concentration of Na + and low concentration of K + in the extracellular compartment of the body (approximately 145 and 4 mmol/L, respectively).
Passive fluxes
In resting muscles, Na + mainly enters the muscle fibres along its chemical gradient in conjunction with co-and counter-transport processes in which the chemical gradient for Na + is used to transport other substances. The influx of Na + associated with these transport process is small, but during exercise, the influx of Na + can increase greatly and the fibres may accumulate Na + . Although an increase in Na + -driven transport processes may contribute to this contractioninduced influx of Na + , the elevated influx is most likely the result of the Na + currents that causes the depolarization of the membrane during the first phase of each action potential. This notion is supported by the finding that the cellular uptake of Na + during contractions is closely related to the frequency of action potentials (Clausen et al. 2004 ; for reviews, see Nielsen and Overgaard 1996; Sejersted and Sjøgaard 2000) . Moreover, determinations of the influx of Na + per action potential gives values that are in agreement with model calculations of the influx of Na + necessary to charge the cell membranes during the depolarizing phase of the action potential (Sejersted and Sjøgaard 2000) .
As for the accumulation of intracellular Na + , the loss of muscle K + to the extracellular compartments from contracting muscles depends on the intensity of the work performed. Experiments on isolated muscles, in which both the accumulation of intracellular Na + and the loss of K + have been determined, indicate that the net movements of the 2 ions during contractions are of similar magnitude (Clausen et al. 2004) , which is to be expected if the major component of the K + loss is associated with the efflux of fibre K + during the repolarizing phase of the action potential. Interestingly, studies on isolated rat muscles show that the flux of Na + and K + per action potential is 2-to 4-fold larger in fast twitch fibres than in slow twitch fibres (Clausen et al. 2004; for review, see Clausen 2003) . The reason for this difference between fibre types is not completely clear but may in part be related to the finding that fast twitch fibres have a more elaborate T-tubular system and therefore a larger membrane area than slow twitch fibres.
Active transport of Na + and K +
Compared with the maximal capacity for active transport via the Na + -K + pumps, the activity of the Na + -K + pumps in resting muscles is rather low, but several studies have shown that the Na + -K + pumps are activated substantially during exercise (for review, see Nielsen and Clausen 2000; Clausen 2003) .
The increase in Na + -K + pump activity in contracting muscle fibres is partly caused by the activity-induced increase in the intracellular Na + concentration , which is a potent stimulus for the Na + -K + pump. In contrast, the increase in extracellular K + during exercise is unlikely to play a major role in the activation of the Na + -K + pump because the extracellular K + concentration that is necessary to half saturate the Na + -K + pump is only approximately 1 mmol/L. Thus, at the 4 mmol/L concentra-tion prevailing in the extracellular compartment at rest, the Na + -K + pump is already almost fully saturated with K + . In addition to the increase in intracellular Na + , hormonal effects on the Na + -K + pumps may contribute to the increase in active Na + -K + transport by muscles during exercise (for review, see Clausen 2003) . With respect to exercise, the most important of these hormones are probably circulating catecholamines, which, via b 2 -adrenergic receptors cause an increase in the affinity of the Na + -K + pump for intracellular Na + (Buchanan et al. 2002) . Since the increase in circulating catecholamines during exercise reaches all muscles groups of the body, the effects of these hormones on the Na + -K + pump will increase the active transport of Na + and K + in both resting and contracting muscles. Studies on isolated muscles have, however, shown that, in contracting muscles, the increase in the Na + affinity of the Na + -K + pumps may be reinforce by local effects (Nielsen et al. 1998) . The mechanism for these effects is not fully elucidated but it may involve a local release of compounds that can stimulate the Na + -K + pump, e.g., b-adrenergic agonist (Kuiack and McComas 1992) or calcitonin gene related peptide (CGRP), which are released from nerve endings in muscle during contractions .
The importance of the Na + -K + pump for Na + -K + -homeostasis during muscle contractions is illustrated by the observation that, when isolated rat muscles are stimulated electrically at low frequencies, intracellular Na + can be maintained at the resting level or can even be reduced despite the increase in passive Na + -K + -fluxes caused by the action potentials . At a higher intensity of work where passive Na + -K + -fluxes exceed active transport of the 2 ions, the Na + -K + pump may still limit the run-down of the Na + -K + -gradients significantly. Thus, studies on human subjects have shown that up to 75% of the passive K + loss from the working muscles during knee extension exercise at high intensity is immediately recovered by the action of the Na + -K + pump (Hallen et al. 1994) . The importance of the Na + -K + pump in maintaining the chemical Na + -K + gradients is further illustrated by the finding that the net accumulation of intracellular Na + during 60 Hz electrical stimulation is increased in isolated rat muscles if the capacity for active Na + -K + transport is reduced by pre-incubation with ouabain or by prior K + depletion of the donor rats (Nielsen and Clausen 1996) .
Metabolic effects
Whereas the passive efflux of K + from contracting muscles is mainly determined by the frequency of action potentials and the fibre type of the motor units involved in the contraction, studies in which the metabolic status of contracting muscles has been manipulated indicate that the efflux of K + may also be modified by metabolic signals to the membrane. Thus, in a study on human subjects, ingestion of citrate leads to both a better maintenance of interstitial pH during intense exercise and to an attenuation of the increase in interstitial K + in the working muscles (Street et al. 2005) . Similarly, ingestion of HCO 3 -has been shown to significantly reduce the accumulation of K + in the venous blood draining working muscles (Sostaric et al. 2005) . In accord with these findings, another study on human beings showed that, when blood pH was lowered before the start of exercise, the work-induced accumulation of interstitial K + increased (Nordsborg et al. 2003) .
The mechanism for this effect of pH on the K + loss from muscles is not clear, but it has been suggested that it could be associated with an effect of pH on K ATP channels in the muscle membrane. These ATP-sensitive K + channels have been shown to open if the cellular ATP level becomes low or intracellular pH is lowered , although a study on perfused rat hindlimb muscles (Lindinger et al. 2001 ) and a study on humans indicate that, even in resting muscles, the channels can have some activity. The resulting increase in the permeability of the muscle fibres to K + could lead to a larger efflux of K + during exercise by causing a larger overlap in time between the Na + and K + currents during the action potentials. Indeed, studies on isolated muscles have shown that the excitation-induced efflux of K + is significantly larger in muscle treated with pinacidil (an activator of the K ATP channel) than in control muscles (Matar et al. 2000; Broch-Lips et al. 2007) . Despite this clear demonstration of the potential effect of K ATP channels on the efflux of K + from working muscles, studies on isolated muscle preparations (Broch-Lips et al. 2007 ) and humans performing intense exercise ) have failed to show any effect of inhibiting the K ATP channels with glibenclamide on the muscular K + loss in contracting muscles. This suggests that K ATP channels are not involved in the contractioninduced K + efflux from muscles, which agrees with a study on isolated rat muscles, in which substantial modifications of intra-and extra-cellular pH either led to no or only very moderate and inconsistent changes in the muscular K + efflux during contractions (Broch-Lips et al. 2007 ).
Effects of exercise training and age
Several studies on human subjects have demonstrated that, when tested at the same absolute work load, training leads to a reduction in the work-induced rise in K + in both the blood stream and in the interstitium (for review, see Clausen and Nielsen 1994; McKenna et al. 1996) . Studies in which training-induced changes in the muscular content of Na + -K + pumps have been determined demonstrate that the improved K + homeostasis in part may be related to an increase in the capacity of the muscles for active reuptake of the ion via the Na + -K + pump (for review, see McKenna, this issue).
The role of age on the elevation of K + during exercise has recently been examined in an in situ study on rat muscle in which the increase in the interstitial K + was determined in muscles that were stimulated electrically (Jianhua et al. 2006) . In both control and aged rats, electrical stimulation caused a pronounced increased in interstitial K + , but the increase was larger in the aged rats, indicating a reduced capacity to maintain K + homeostasis at old age.
Potassium and the regulation of excitability in contracting muscle

Effects of elevated extracellular K + on muscle on function
The importance of elevated extracellular K + for the development of muscle fatigue during exercise is critically de-pendent on the effects of elevated extracellular K + on muscle performance. One way to examine this is to incubate isolated nonfatigued muscles in buffers with increased concentrations of K + . As illustrated in Fig. 3 , such studies show that the increase in the extracellular K + concentration necessary to reduce the force production in response to excitation is substantial. Thus, in mouse soleus muscle, elevation of extracellular K + to 7.5 mmol/L only reduced tetanic force by approximately 5%, and at 12.5 mmol/L K + , the muscles could still produce 40% of the tetanic force observed at a normal extracellular K + concentration (Juel 1988) . In guinea pig extensor digitorum longus and soleus muscles (Holmberg and Waldeck 1980) and in frog sartorius (Renaud and Light 1992) , elevation of the extracellular K + concentration to 7-8 mmol/L resulted in potentiation of twitch force and had only a minor effect on tetanic force production. However, at higher concentrations of extracellular K + , i.e., concentrations of K + that approach the concentration observed in the interstitium of working muscles at the point of fatigue, a considerable reduction in the force response to excitation takes place. Thus, in rat soleus, 10 mmol/L K + reduced twitch and tetanic force by approximately 40% and at 12.5 mmol/L K + , 95% of the tetanic force response was inhibited (Clausen et al. 1993) . A similar relation between elevated extracellular K + and the force response has been shown in several other studies (Cairns et al. 1995 (Cairns et al. , 1997 Yensen et al. 2002; Pedersen et al. 2003; de Paoli et al. 2007 ).
Effects of elevated extracellular K + on muscle excitability
Measurements of intracellularly recorded action potentials and muscle compound action potentials show that the loss of force at elevated extracellular K + is caused by a reduced ability of muscle fibres to initiate and propagate action potentials at the sarcolemma. Thus, an increase in the extracellular K + concentration to above 10 mmol/L has been shown to increase the pulse strength necessary to initiate an action potential, reduce the action potential amplitude, cause propagation block, or even render the muscle fibres completely inexcitable (Renaud and Light 1992; Yensen et al. 2002; Cairns et al. 1997; Overgaard and Nielsen 2001; Pinter 2001, 2003; Clausen and Overgaard 2000; Pedersen et al. 2005) . A number of recent studies on rat muscle fibres in which the T-tubular system is intact and polarized but the sarcolemma has been removed by mechanically skinning have shown that elevated K + produces a similar reduction in the excitability of the T-tubular system (Ørtenblad and Stephenson 2003; Nielsen et al. 2004; Pedersen et al. 2004) . In all cases, the resulting loss of excitability is expected to cause a reduction in the excitation-induced release of Ca 2+ from the sarcoplasmic reticulum and thereby lower force production.
The loss of excitability in muscle fibres exposed to high extracellular K + is related to a change in the balance between the strength of the depolarizing Na + current that creates the upstroke of the action potential, and the repolarizing K + and Cl -currents that maintain the membrane potential and cause the repolarization at end of the action potential (Fig. 4) . In resting muscles, the permeability of the membrane for Na + is low, whereas the permeability for K + is high and the membrane potential is determined by the chemical distribution of K + . Likewise, the resting permeability for Cl -is high, but because there is very little active transport of this ion, it does not contribute much to the resting membrane potential, and its chemical distribution in the resting muscle fibre is normally determined by the membrane potential (Fig. 4) . Therefore, in resting muscle fibres, the chemical distribution of both K + and Cl -is almost in equilibrium with the membrane potential, and the net current carried across the membrane by the 2 ions is close to zero. If a sudden change in the membrane potential takes place, however, the chemical distribution of both K + and Cl -is no longer in equilibrium with the membrane potential, and the 2 ions will move through their respective channels down the electrochemical gradients that are created. Since the current flow created by these movements of K + and Cl -will always be in a direction that will tend to re-establish the membrane potential, these currents have a strong stabilizing effect on Fig. 3 . Illustration of the relation between extracellular K + and the force response to excitation in isolated resting rat slow twitch muscle. As indicated, the position of the curve, i.e., the sensitivity of the muscles to elevated extracellular K + , depends on many parameters, which may change during exercise. the membrane potential. In resting muscles, approximately 80% of this inhibitory current is carried by Cl -ions.
The stabilizing effect of the inhibitory currents is important for muscle function because it reduces the excitability of the membranes, thereby preventing the initiation of action potential via the spontaneous opening of a few Na + channels. The role of K + and Cl -currents in creating a break in muscle excitability is, perhaps, best illustrated by the severe hyperexcitability of muscles in patients suffering from myotonia congentia. In this disease, mutations in the gene coding for the major muscular Cl -channel, the ClC-1 channel, results in very low Cl -conductance (Kock et al. 1992) , causing the membrane to become electrically unstable. However, the stabilizing current also means that an action potential can be elicited only if the depolarizing current that drives the action potential becomes larger than the repolarizing currents that run through K + and Cl -channels.
The depolarizing current during action potentials is created by an influx of Na + . At the neuromuscular end plate region, where the action potential is normally initiated by a local depolarization, the Na + current runs trough acetylcholine receptors that are activated by acetylcholine release from the motor nerve. Along the sarcolemma and in the T tubules, the depolarizing Na + current runs trough voltageactivated Na + channels that are activated by a depolarization of the membrane. In nonfatigued muscle, the initiation and propagation of action potential has a very high safety factor because the presence of abundant Na + channels provides the membrane with the ability to carry a very large Na + current, and the Na + current can therefore easily overcome the repolarizing currents carried by K + and Cl -. During a normal action potential, the Na + current is short lived because the Na + channels are quickly inactivated, which makes them close shortly (1-2 ms) after their activation. When this happens, the action potential is terminated and the repolarizing K + and Cl -currents repolarize the membrane. This later process is reinforced by activation of voltage-activated K + channels, which for a short while, greatly increases the K + conductance of the membrane.
When muscles are exposed to elevated extracellular K + 2 important changes of relevance for the excitability of the muscle fibres takes place. Firs, the chemical gradient for K + becomes reduced, which causes a depolarization of the membrane potential. Second, depending on its magnitude, the depolarization will cause a proportion of the voltageactivated Na + channels to enter a state of slow inactivation (Ruff et al. 1988; Ruff 1996) . When this happens, the channels affected can no longer be activated and therefore cannot contribute to the depolarizing Na + current during action potentials (Fig. 4) . The result is a reduction in the excitability of the membrane caused by a shift in the balance between the strength of the depolarizing Na + current that drives the action potential and the repolarizing K + and Cl -currents that tend to stabilize the membrane potential. Since the inactivation of Na + channels depends on the level of depolarization of the resting membrane potential, a steadily increasing extracellular K + concentration, as is seen during intense exercise, may potentially reduce the number of available Na + channels to an extent that renders the membrane completely inexcitable.
Parameters of importance for the sensitivity of muscles to elevated extracellular K +
As discussed above, studies on the effect of elevated extracellular K + on the excitability and force production of muscle clearly show that rather high concentrations of extracellular K + are necessary to depress muscle function. However, the same studies clearly demonstrate that if extracellular K + is elevated to levels seen in the interstitium of contracting muscles during intense exercise, it can potentially cause a substantial loss of sarcolemmal and T-tubular excitability and therefore of muscle function. These findings alone strongly argue that elevated extracellular K + is an important cause of fatigue during intense exercise. Importantly, Fig. 4 . Illustration of the direction of the Na + -K + and Cl -currents in resting muscle and during action potentials. Excitability depends on the balance between the strength of the excitatory Na + current and the inhibitory K + and Cl -currents. When extracellular K + is elevated to above 10 mmol/L, the strength of the Na + currents is reduced because the Na + channels are inactivated and the fibre may become inexcitable.
however, a number of studies carried out over the last 10 years have shown that the sensitivity of muscles to elevated extracellular K + can be modified by several parameters that relevant to the exercise setting (Fig. 3) .
Na + -K + pump activity As mentioned earlier, during exercise the activity of the Na + -K + pump may be stimulated by both circulating catecholamines and local release of CGRP, as well as via an exercise-induced increase in the intracellular Na + concentration. In any event, the result is a decreased sensitivity of muscles to elevated extracellular K + . Importantly, this protective effect of stimulation of the Na + -K + pump on membrane excitability has also been demonstrated in the Ttubular system .
The increase in Na + -K + pump activity affects excitability by causing a partial repolarization of the membrane and an improvement in the chemical gradient for Na + via a reduction in the intracellular Na + concentration (for review, see Nielsen and Clausen 2000) . Both changes will tend to increase the magnitude of the Na + current that can be activated by a depolarization of the membrane, which will partly normalize the compromised balance between the depolarizing Na + current and the repolarizing K + and Clcurrents seen in depolarized muscles.
Catecholamines, CGRP and muscle contraction
Several studies have shown that the addition of catecholamines can cause substantial recovery of excitability in isolated rat muscles that are depressed by elevated extracellular K + , causing a right-shift in the relation between extracellular K + and muscle function ( Fig. 3; for review, see Clausen 2003) . The effect is conveyed by binding to b-adrenergic receptors and ensuing elevation of the cytosolic level of cAMP. Similar effects on muscle function at elevated extracellular K + have been show after addition of CGRP, which also has been shown to act via cAMP. The mechanism causing the improvement of fibre excitability after increased cAMP is not completely elucidated, but many studies have at least in part ascribed it to an increase in the activity of the Na + -K + pumps.
The importance of catecholamines, CGRP, and muscle contraction for the sensitivity of muscles to elevated extracellular K + is perhaps best illustrated by a series of recent experiments in which isolated rat muscles were exposed to 8 or 10 mmol/L K + . In resting muscles, this treatment greatly reduced the contractile endurance during subsequent electrical stimulation (Clausen and Nielsen 2006) . If, however, muscles were pretreated with adrenaline or CGRP, or if they were stimulated to contract for 2 s every minute during the pre-incubation at elevated K + , the endurance was significantly restored. Likewise, 10 mmol/L K + was without effect on contractile endurance in isolated whole mouse soleus muscles that were stimulated intermittently during preincubation (Zhang et al. 2006 ).
Role of the Na + gradient
The contractile performance in isolated muscle preparations can be impaired by a reduction in the chemical gradient for Na + across outer membranes of the muscle fibres per se. This was first demonstrated in 1902 by Overton (1902) , who made a frog muscle preparation lose its excitability by lowering the extracellular Na + concentration to below 10% of the normal concentration in the incubation medium. More recently, it has been shown that lowering extracellular Na + to less than 40 mmol/L completely inhibited twitch tension in frog sartorius muscle (Venosa 1974) . Likewise, a reduction in extracellular Na + from 115 to 62.5 mmol/L was associated with a decrease in peak tetanic force elicited by 60 Hz stimulation in single fibres from frog semitendinosus muscle (Bezanilla et al. 1972) . In rat soleus, lowering extracellular Na + to 25 mmol/L decreased tetanic force to 30% of the control level, which was related to the lowered transmembrane gradient for Na + and the ensuing reduction in the amplitude of the action potential (Overgaard et al. 1997) . Similar results were obtained in isolated muscles from mouse (Cairns et al. 2003) .
Whereas a rather large reduction in the chemical gradient for Na + is necessary to cause a reduction in the force production in response to excitation, in muscles whose excitability has been reduced by elevated extracellular K + , it has been shown that a small reduction in the Na + gradient can reduce muscle excitability substantially (Bouclin et al. 1995; Overgaard et al. 1997) . In agreement with this, a reduction in extracellular Na + from the normal value of 145 to 85 mmol/L produced a substantial left shift in the relation between the force response to tetanic stimulation and the extracellular K + concentration (Overgaard et al. 1997) . These results could suggest that during intensive contractile activity, the run-down of the chemical Na + gradient will tend to make muscle less tolerant to the simultaneous increase in the extracellular K + concentration and thereby make loss of muscle function due to elevated extracellular K + more likely. However, it is important to note that the above-mentioned experiments were conducted with isolated muscles, where the reduction in the Na + gradient during exercise is caused by an increase in intracellular Na + rather than by a reduction in the extracellular concentration of the ion. Since this reduction stimulates the Na + -K + -pump, the net effect of the increase in intracellular Na + may, therefore, be an improvement in the K + tolerance of the muscle ).
Effects of lactate, pH, and Cl -conductance
The accumulation of lactate and reduced muscle pH has long been considered to be a major cause of muscle fatigue during intense exercise. This perception is based on a very large body of publications in which fatigue development in muscles could be correlated with a reduction in intracellular pH and an accumulation of lactate (for review, see Fitts 1994; Cairns 2006) . The importance of lactate and low intracellular pH as a cause of muscle fatigue has, however, been questioned by several studies that have failed to show a reduction in the contractile performance of mammalian muscles when physiological levels of lactate or reduced intracellular pH is applied, especially if the experiment is performed at 30 8C or above (for review, see Cairns 2006 ). This phenomenon is illustrated in Fig. 5 , which shows that, in rat muscles maintained at 30 8C, 20 mmol/L lactic acid can be added without causing a reduction in the rate muscle shortening. The focus on the rate of muscle shortening in Fig. 5 is important because acidification has been shown to cause a substantial slowing of the rate of force development and relaxation during dynamic contractions, especially in frog muscles and in mammalian muscles at low temperature (Fitts 1994) . Moreover, Knuth et al. (2006) found that, even at 30 8C, a reduction in intracellular pH could significantly reduce power output in isolated rat muscle. Another observation that has contributed to the ongoing debate on the role of lactate and pH in muscle fatigue (Lamb and Stephenson 2006) is the finding that the addition of lactic acid can produce substantial recovery of excitability and force production in response to electrical stimulation in muscles that are depressed by elevated extracellular K + . One of the first indications of this phenomenon was the observations that, in isolated bundles of intercostal muscles from a patient suffering from hyperkalaemic periodic paralysis, lowering the pH could partly recover a depression of force obtained by incubation at high [K + ] o (Lehmann-Horn et al. 1987) . In accord with these findings, later studies have shown that, when isolated muscle are depressed by exposure to 10-13 mmol/L K + , a substantial recovery of excitability and maximal tetanic force can be obtained by a reduction in the intracellular pH of the muscle fibres induced by elevated CO 2 tension or the addition of lactic acid (de Paoli et al. 2007; Pedersen et al. 2003; Kristensen et al. 2005) . A similar effect has been demonstrated in isolated rat extensor digitorum longus muscles (Hansen et al. 2005) . Extensor digitorum longus muscles have also been used to show that acidification has a similar effect on the excitability of the T-tubular system . Furthermore, the recovery of excitability and force induced by lactic acid seems to be additive to the similar effect of adrenaline (de Paoli et al. 2007; Hansen et al. 2005) .
Recent studies have shown that, similar to the effect of catecholamines, the mechanism for the effect of acidification on the excitability of muscles at elevated extracellular K + is related to an improved balance between excitatory Na + currents and inhibitory K + and Cl -currents in the K + -depressed muscles. In the case of acidification, however, the effect is related to a decrease in Cl -channel conductance rather than to increased Na + -K + -pump activity (Pedersen et al. 2005; de Paoli et al. 2007 ). Indeed, acidification of muscles causes an inhibition of the Cl --channels, which, when induced by the addition of an inhibitor, leads to considerable recovery of force in K + -depressed muscles.
Together, these findings indicate that acidification of muscles increases their tolerance to elevated extracellular K + . The physiological relevance of this is, however, still unclear. Since loss of muscle excitability associated with elevated extracellular K + is likely to contribute to muscles fatigue during intense exercise, the improved tolerance to elevated K + should improve muscle endurance. However, the improved tolerance to elevated K + at low intracellular pH may, to some extent, be outweighed by an increased K + loss from the working muscles, as discussed above. Additionally, using isolated rat soleus muscles, Kristensen et al. 5 . The effect of 20 mmol/L lactic acid on isotonic contractions in isolated rat muscles. The experiment was carried out using soleus muscles from 4-week-old Wistar rats weighing 70-75 g. Muscles were isolated with the proximal end attached to the bone and the distal end with an intact tendon. The incubation medium was a standard Krebs-Ringer bicarbonate buffer containing the following: 122 mmol/L NaCl, 25 mmol/L NaHCO3, 2.8 mmol/L KCl, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 1.3 mmol/L CaCl2, 5.0 mmol/L D-glucose, and ±20 mmol/L lactic acid. Buffers were maintained at 30 8C and equilibrated with a mixture of 95% O2 -5% CO 2 throughout the experiment. Muscles were mounted on isotonic force transducers and loaded with 12 g, corresponding to approximately one third of maximum isometric force. Excitation took place via field stimulation using constant voltage pulses applied through 2 platinum wire electrodes passing current across the central part of the muscle. Tetanic contractions were elicited with 30 Hz stimulation for 2 s using supramaximal pulses (12 V; 1 ms duration). Muscle shortening was measured using a lever transducer (HSE, B40) and recorded digitally at 10 kHz with a PowerLab data acquisition system (ADI instruments). The maximum speed of shortening for each contraction was determined with built-in software (ADI instruments). 2005) failed to show that the addition of lactic acid or sodium lactate had a significant effect on the rate of force decline during high frequency electrical stimulation. Likewise, in mouse soleus muscles, a large reduction in extracellular Cl -to 10 mmol/L produced a reduction, rather than an increase, in endurance. The reason for the discrepancy between these conclusions is presently not clear, and an understanding of the role for lactate and reduced intracellular pH in the regulation of excitability and the development of fatigue in contracting muscles awaits more experiments.
Muscle temperature
In isolated rat muscle, the depressing effect of elevated extracellular K + is very sensitive to temperature, with an increase in temperature causing a decreased sensitivity to elevated extracellular K + . This effect of temperature has been demonstrated at temperatures from 20 to 35 8C, and although it is difficult to do studies on isolated muscles at temperatures above 35 8C, these results suggest that the increase in muscle temperature at the start of exercise would tend to reduce the depressing effect of the exercise-induced elevation in extracellular K + .
Part of the effect of elevated temperature on the K + sensitivity of muscles probably relates to the increase in Na + -K + pump activity seen with increased temperature , which would reduce the sensitivity of the muscles via mechanisms discussed above. Another mechanism that is likely to contribute is a reduction in the tendency of Na + channels to become slowly inactivated at an increased temperature (Ruff 1999) . Importantly for the exercise setting, the protective effect of elevated temperature against the depressing effects of elevated K + seems to add to the protective effects that can be induced by lowering the Clconductance or by increasing Na + -K + pump activity .
Conclusion
It has long been suggested that K + loss from working muscle fibres plays a role in skeletal muscle fatigue via an effect on muscle excitability, particularly during intensive work involving high frequencies of action potentials. Here we show that intense exercise indeed can cause an increase in extracellular K + that, in isolated, resting muscles, would reduce excitability and cause a reduction on the force production of the muscle in response to excitation. Both the magnitude of the elevation in extracellular K + and its effect on muscle function depends, however, on several exerciserelated parameters that have to be taken into account when the importance of exercise-induced elevation in extracellular K + for muscle fatigue is evaluated. In this context, it is in particularly important to note that although most of our present knowledge of the actual increase in extracellular K + during exercise comes from integral studies on human beings, most of our knowledge of the effect of elevated K + on muscle function comes from studies on isolated resting muscles from rats and mice. This makes an estimate of the true sensitivity of exercising muscles to elevated extracellular K + difficult. Moreover, muscles from different species may very well have different sensitivities to elevated extracellular K + and, finally, our knowledge of the conditions within the T-tubular lumen, where the largest exerciseinduced increase in K + concentrations is likely to take place (Clausen 2003) , is very scarce. Together, these problems make it difficult to judge the importance of elevated K + for the function and fatigue of human muscles during exercise.
Thus, a comparison of the actual elevation in the extracellular K + concentration during exercise with the effect of elevated K + on the function of isolated, resting muscle suggests that K + loss from muscles during intense exercise contributes to the development of muscle fatigue. However, the final evaluation of this hypothesis awaits more detailed knowledge of both the sensitivity of contracting human muscles to elevated K + during exercise and the importance of the factors that modulate muscular K + sensitivity.
